Coexpression of the epidermal growth factor receptor (EGFR) family receptors is found in a subset of colon cancers, which may cooperatively promote cancer cell growth and survival, as heterodimerization is known to provide for diversification of signal transduction. Recently, efforts have been made to develop novel 4-anilinoquinazoline and pyridopyrimidine derivatives to inhibit EGFR and ErbB2 kinases simultaneously.
Introduction
The ErbB receptor family, which includes epidermal growth factor receptor (EGFR; ErbB1/HER1), ErbB2/neu/HER2, ErbB3/ HER3, and ErbB4/HER4, is widely expressed in epithelial, mesenchymal, and neuronal tissues, where the receptors play pivotal roles in a variety of critical cellular functions (1, 2) . Members of the family have been shown to be oncogenic.
Overexpression of wild-type EGFR or ErbB2 or expression of constitutively activated receptor mutants transforms cells in vitro (3) (4) (5) . ErbB receptor signals through a network involving receptor homodimerization or heterodimerization. Cooperation between ErbB receptors has been observed in oncogenic transformation in cell culture (6) . Briefly, the transforming effects of ErbB receptors are mediated through two major pathways. One is the well-characterized Ras/Raf/MAP kinase (MAPK) pathway that promotes DNA synthesis and cell cycle progression (7) . Another pathway is activated through phosphoinositol 3-kinase (PI3K), which subsequently activates AKT, well known for its antiapoptotic properties and enhancement of cell survival (8) (9) (10) .
Clinically, overexpression of EGFR has been implicated in the development and progression of head and neck, lung, pancreas, bladder, and breast cancer (11) . High ErbB2 expression levels correlate with poor prognosis in cancers of the colon, ovary, breast, and bladder (12) (13) (14) . ErbB3 is also widely expressed in several types of carcinomas, including colon cancer (15) . Besides overexpression of the receptors, hyperactivation of the ErbB network can occur via autocrine loops involving inappropriate expression of the ErbB ligands by the tumor cells (16) . Several investigations have shown that amphiregulin, CRIPTO, transforming growth factor a (TGFa), and heregulin expression led to aberrant ErbB activation in the absence of receptor overexpression (17) (18) (19) (20) . Accumulating evidence suggests that ErbB receptors are constitutively activated during growth factor and nutrient deprivation stress in colon carcinoma cells through autocrine activity (17, 21, 22) . This autocrine activity has been shown to support malignant behavior of colon cancer cells (23) . Furthermore, stable transfection of TGFa converts nonaggressive colon cancer cells to aggressive phenotypes that signal through EGFR/ErbB2 heterodimers without significant enhancement of receptor expression (18, 24, 25) .
The GEO human colon carcinoma cell line has been widely used for testing anti-ErbB therapies, including antisense approaches to ErbB ligands and receptors, monoclonal antibodies, and small molecule tyrosine kinase inhibitors (TKI) with or without other chemotherapies (26) (27) (28) (29) (30) . GEO cells express EGFR, ErbB2, and ErbB3 receptors at relatively ''normal'' levels but do not express ErbB4 (17, 24, 26) . Multiple EGFR ligands are expressed in GEO cells, including amphiregulin, CRIPTO, and TGFa (31) . It has been observed that antisense oligonucleotide approaches targeting individual ligands resulted in equipotent inhibition of cell proliferation in GEO cells (31, 32) . However, in growth factor-deprived states, the EGFR autocrine activity is quenched due to down-regulation of ligand expression. Heregulinstimulated ErbB2/ErbB3 heterodimer signaling plays a primary role in sustaining GEO cell survival during growth factor deprivation as shown by heregulin-neutralizing antibody-mediated apoptosis in GEO cells (17) . ErbB2 knockdown reduced tumorigenicity of the cells in conjunction with increased sensitivity to apoptosis by growth factor deprivation (25) .
The synergistic transforming effects of EGFR and ErbB2 and the use of multiple ErbB receptors for cell proliferation and survival in tumor cells lead to the hypothesis that targeting both the EGFR and ErbB2 catalytic domains simultaneously would have superior therapeutic effects relative to single-agent treatment for tumors relying on both receptors. EGFR and ErbB2 have the highest homology among the EGFR family members in their kinase catalytic domains and share many similar biochemical and kinetic properties (33) . Recently, efforts have been made to develop 4-anilinoquinazoline and pyridopyrimidine derivative dual inhibitors toward both EGFR and ErbB2 ATP-binding domains (34) (35) (36) . GW572016 is a novel dual inhibitor, which reversibly inhibits the tyrosine kinase activities of both EGFR and ErbB2 at equal potency (37) . We have tested the efficacy of GW572016 and single EGFR and ErbB2 TKIs AG1478 and AG879, respectively, using the GEO colon carcinoma model in this study. We observed a synergistic effect on inhibition of cell proliferation as well as induction of apoptosis from the combination of AG1478 and AG879, suggesting that both EGFR and ErbB2 activation were required for GEO cell proliferation and survival. In comparison, the single TKI compound GW572016 was more potent for inhibiting GEO cell proliferation than AG1478 and AG879 and was able to induce apoptosis at lower concentrations as reflected by poly(ADPribose) polymerase (PARP) cleavage and DNA fragmentation. Western blot analysis revealed that AG1478 and AG879 single agents were unable to suppress EGFR and ErbB2 activation as well as the MAPK and AKT downstream pathways. In contrast, GW572016 suppressed activation of EGFR, ErbB2, and the MAPK and AKT downstream pathways. Finally, in vivo studies showed that GW572016 treatment blocked GEO xenograft growth in a concentration-dependent manner. In summary, our study implied that targeting both EGFR and ErbB2 simultaneously with small molecule inhibitors, such as GW572016, is a valid strategy for colon cancer therapy.
Materials and Methods
Cell culture. The GEO cells were originally isolated from a primary human colon carcinoma, and its in vitro properties have been extensively characterized (38) . Cells were maintained at 37jC in a humidified atmosphere of 6% CO 2 and grown continuously in a chemically defined McCoy'5A (Cellgro, Herndon, VA) serum-free medium supplemented with pyruvate, vitamins, amino acids, and antibiotics, plus EGF (10 ng/mL; R&D systems, Minneapolis, MN), insulin (20 Ag/mL; Sigma, St. Louis, MO), and transferrin (4 Ag/mL; Sigma). Supplemented medium is the basal medium lacking transferrin, insulin, and EGF. GEO cells at 90% confluent level (subconfluent) were deprived of exogenous growth factors by changing them to supplemented medium for 5 days. This is sufficient to drive the cells into a state of quiescence (G 0 ).
Drugs and antibodies. The selective EGFR TKI AG1478 and the selective ErbB2 TKI AG879 were purchased from Calbiochem (La Jolla, CA). The dual inhibitor GW572016 was provided by GlaxoSmithKline Pharmaceuticals (Research Triangle Park, NC). AG1478, AG879, and GW572016 were dissolved in DMSO (Sigma) for preparation of 20 or 10 mmol/L stock solutions. Drug solutions for treatment were serially diluted with serumfree medium from the stock solutions. A mixture of AG1478 and AG879 was prepared at a fixed ratio of 10:1 and serially diluted to working concentrations for the combination studies. An equivalent serial dilution of DMSO was used as control treatment.
The polyclonal antibodies for total EGFR, ErbB2, MAPK, and monoclonal antibodies for PARP and phospho-MAPK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The monoclonal antibody specific to EGFR phosphotyrosine Y1173 was purchased from Calbiochem. The polyclonal antibody to ErbB2 phosphotyrosine Y1248 was purchased from Upstate Biotechnology (Lake Placid, NY). The polyclonal antibodies for phospho-AKT Ser 473 and total AKT were purchased from Cell Signaling Technology (Beverly, MA). Blocking buffer and working concentrations of the above antibodies were prepared according to the data sheets of the products.
Cell growth inhibition assay. Inhibition of cell proliferation was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Sigma). Briefly, cells were seeded in 96-well tissue culture plates (Costar, Corning, NY) at a density of 3,000 per 100 AL/well. Eight wells were assigned to each experimental treatment. After attachment for 24 hours, cells were treated with serial concentrations of AG1478, AG879, GW572016 or the combinations of AG1478 + AG879 as indicated in the relevant figures. After 72 hours of drug exposure, 100 AL of MTT solution (2 mg/mL) were added to each well for 2 hours of incubation. The reaction was stopped by removal of MTT, and formazan crystals were solubilized in 200 AL DMSO in each well. Absorbance at 570 nm was recorded using a 96-well microplate reader (ELx-808, Cambrex, Baltimore, MD).
Analysis of combination index. Synergistic effects between AG1478 and AG879 were analyzed using the combination index described by Chou and Talalay (39) . A combination index of 1 indicates an additive effect between two drugs. Synergism is reflected by combination index of <1. Antagonism is reflected by combination index of >1. Combination index values were analyzed using the Calcusyn software (Biosoft, Ferguson, MO). The inputs are the concentrations of drug treatments and fractional inhibition ( fraction affected or F a ). F a was evaluated by MTT assay and calculated through the formula: F a = 1 À A 570 treated / A 570 control .
DNA fragmentation assay (Cell Death Detection ELISA). Apoptosis was quantified by a DNA fragmentation ELISA. Briefly, cells were seeded in 96-well plates in serum-free medium at a density of 10,000 per 150 AL/well and allowed to attach for 24 hours. The next day, cells were treated with single TKIs or combinations at 37jC for up to 72 hours. DMSO was used as a control. DNA fragmentation was detected by the Cell Death Detection ELISA Plus kit (Roche, Indianapolis, IN) according to the manufacturer's instructions. Fold increases of DNA fragmentation were normalized with MTT readings from identical treatment conditions.
Western blot analysis. Cells were washed twice with cold PBS and then lysed with 300 AL TNESV lysis buffer containing 50 mmol/L Tris (pH 7.5), 150 mmol/L NaCl, 1% NP40, 50 mmol/L NaF, 1 mmol/L Na 3 VO 4 , 25 Ag/mL h-glycerophosphate, 1 mmol/L phenylmethylsulfonyl fluoride, and one protease inhibitor cocktail tablet (Roche) per 10 mL for 30 minutes on ice. Protein estimation was determined by the Bio-Rad (Hercules, CA) method. After resolving the proteins on the SDS-PAGE, proteins were transferred to polyvinylidene difluoride membranes (Amersham Pharmacia Biotech, Arlington Heights, IL). The membranes were blocked with 5% nonfat dry milk in TBS/Tween 20 (TTBS) containing 0.15 mol/L NaCl, 0.01 mol/L TrisHCl (pH 7.4), and 0.05% Tween 20 at room temperature for an hour. Primary antibodies at the manufacturer's recommended dilutions were incubated overnight at 4jC in 5% TTBS or 5% bovine serum albumin. After washing, blots were then incubated with a 1:5,000 dilution of horseradish peroxidaselinked secondary antibody at room temperature for 1 hour followed by further washing. Enhanced chemiluminescence was done according to the manufacturer's instructions (Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom).
Xenograft tumorigenicity studies. A total volume of 0.2 mL GEO cell suspension containing 5 Â 10 6 cells was injected into both hind limbs of BALB/c athymic nude mice. Tumors became readily apparent after 7 days. Starting from day 8 to day 28, mice received oral administrations of GW572016 at 30, 100, and 200 mg/kg twice daily by oral gavage. The control group mice received 0.5% hydroxypropylmethylcellulose and 0.1% Tween 80 vehicle treatment. Each treatment group was represented by eight tumor xenografts. Tumor volume for xenografts was determined by externally measuring the tumors in two dimensions using a caliper. Volume (V ) was determined by the following equation, where L is length and W is width of the tumor:
Results
Synergistic effects on GEO cell growth inhibition by the combination of EGFR and ErbB2 TKIs. The EGFR kinase inhibitor AG1478 has four orders of magnitude higher selectivity to EGFR (IC 50 = 3 nmol/L) than ErbB2 (IC 50 >100 Amol/L) in cell-free systems. The ErbB2 kinase inhibitor AG879 has at least 500-fold higher selectivity to ErbB2 (IC 50 = 1 Amol/L) than EGFR (IC 50 >500 Amol/L) in cell-free systems (40) . We first examined the growth inhibitory effects of AG1478 and AG879 in GEO cells by MTT assay. Drug concentrations and growth inhibitory effects were analyzed by Calcusyn software (Biosoft) and visualized as median-effect plots (Fig. 1A) , which show the linear relationship between drug concentrations and the ratios of fraction affected (F a ) to fraction unaffected (F u ), where F u = 1 À F a in log values. A concentrationdependent inhibition of cell proliferation was observed in both AG1478 and AG879 treatment alone with IC 50 values at 10 and 2 Amol/L, respectively, as shown in Table 1 . The IC 50 values of drugs were determined from the x-intercept of the median-effect plots. A combination of AG1478 + AG879 at a fixed ratio of 10:1 was tested in parallel. The concentrations of AG879 tested in the combination were 2, 1.5, 1, 0.75, 0.5, 0.3, 0.15, and 0.1 Amol/L (1, 0.76, 0.5, 0.375, 0.25, 0.15, 0.075, 0.05 of the IC 50 of AG879, respectively), whereas the concentrations of AG1478 were correspondingly 10-fold higher. Combination treatment resulted in a dramatic shift to the left of the median-effect plot, indicating higher potency of the combination treatment for inhibition of GEO cell proliferation. Correspondingly, the concentrations of AG1478 and AG879 were both reduced dramatically for induction of 50% growth inhibition used as a combination relative to the single agents (Table 1) . By analyzing combination index values of AG1478 + AG879, a strong synergistic effect (combination index < 0.3) was determined at all combination concentrations tested (Fig. 1B) .
Effects of AG1478 + AG879 on modification of EGFR, ErbB2, and the downstream MAPK and AKT pathways. It was previously found that the growth-arrested GEO cells generated constitutive activation of ErbB2 through a robust autocrine heregulin/ErbB3 loop, and the deregulated ErbB2/ErbB3 activation in GEO cells resulted in constitutive activation of the MAPK and PI3K/AKT pathways (17, 41 ). Consequently, we tested the effect of AG1478 and AG879 as single agents or in combination on EGFR and ErbB2 phosphorylation and the downstream MAPK and AKT pathways (Fig. 2) . As shown in Fig. 2A , activation of EGFR and ErbB2 were both detectable in quiescent GEO cells. The EGFRselective TKI AG1478 was sufficient to block phosphorylation of the EGFR Y1173 site at 5 Amol/L. However, this concentration of AG1478 failed to inhibit phosphorylation of the ErbB2 Y1248 site. Similarly, the ErbB2-selective TKI AG879 blocked activation of the ErbB2 Y1248 site at 1 Amol/L; however, it failed to inhibit EGFR activation. In contrast, the combination of AG1478 and AG879 at the same concentrations used in single-drug treatment inhibited both EGFR and ErbB2 phosphorylation. Interestingly, AG879 treatment resulted in an up-regulation of phosphorylation at the EGFR Y1173 site, which was consistent with our previous observation that inhibition of ErbB2 in these cells results in an (25) . In Fig. 2B , single agent AG1478 showed a moderate inhibitory effect on both MAPK and a smaller effect on AKT activation. In contrast, single agent AG879 efficiently inhibited AKT activation, whereas a compensatory activation of MAPK was detected in conjunction with the increased EGFR activation during ErbB2 TKI treatment, arguing that the up-regulated EGFR activation was mediated through MAPK signaling ( Fig. 2A and B) . Notably, combination treatment resulted in stronger suppression on MAPK activation and abolished AKT activation completely, which is in agreement with its profound inhibitory effect on both EGFR and ErbB2 activation.
AG1478 + AG879 sensitizes GEO cells to apoptosis. Next, we characterized the apoptotic profiles generated by AG1478 and AG879 in quiescent GEO cells. Using similar concentrations of AG1478 and AG879 as above, significant PARP cleavage was observed with the combination treatment of 5 Amol/L AG1478 and 1 Amol/L AG879 but not with single inhibitor treatments (Fig. 3A) . This observation indicated that GEO cells were resistant to single EGFR or ErbB2 TKIs for apoptosis induction but were sensitive to blockade of both EGFR and ErbB2 phosphorylation. This also confirms our hypothesis that both EGFR and ErbB2 are essential for GEO cell proliferation as well as cell survival. To further quantitate apoptosis, a cell death detection ELISA was used for quantification of DNA fragmentation, a hallmark for apoptosis. After 72 hours of treatment with the same combination regimen in subconfluent GEO cells, DNA fragmentation was measured as described in Materials and Methods. A more-than-additive effect of apoptosis induction by the combination treatment was observed with a 7-fold increase of DNA fragmentation compared with a 2.35-and 2.4-fold increase for AG1478 and AG879 treatment alone, respectively (Fig. 3B) . The correlation of treatment conditions inducing PARP cleavage and DNA fragmentation with conditions inhibiting both EGFR and ErbB2 phosphorylation suggested linkage of cell survival to the ErbB signaling network. Furthermore, the failure of individual ErbB inhibitors to induce apoptosis could be explained by the failure of single inhibitors to inhibit both ErbB components (Fig. 2) . This shows the rationale for targeting the two receptors simultaneously using a combination approach or a dual inhibitor of ErbB receptors.
GW572016 has higher potency for inhibition of cell proliferation and induction of apoptosis than AG1478 and AG879. GW572016 is a dual EGFR and ErbB2 TKI with equal inhibitory potency for inhibition of phosphorylation of both EGFR and ErbB2 at 10 and 9 nmol/L, respectively in cell-free systems (37) . Both AG1478 and GW572016 belong to 4-anilinoquinazoline Figure 3 . Effect of AG1478 + AG879 on induction of apoptosis. A, Western blot analysis of PARP cleavage. Quiescent GEO cells were pretreated with AG1478, AG879, and AG1478 + AG879 at the indicated concentrations for 6 hours. Cells were then released in fresh supplemented medium containing 0.1% DMSO or various concentrations of drugs for 24 hours as indicated. Whole cell lysates were subjected to SDS-PAGE analysis and probed with a specific anti-PARP antibody. Actin was used as a loading control. B, DNA-histone nucleosome release ELISA. Quantitation of DNA fragmentation in GEO cells was determined after 72 hours of drug treatment using the Cell Death Detection ELISA Plus kit as described in Materials and Methods. Absorbance of DNA fragmentation was normalized with absorbance of MTT assay at the identical treatment conditions. Fold increases of DNA fragmentation were compared between control and treatment as shown in the graph. Similar experiments were repeated at least twice. Representative data. Bars, SD. Figure 2 . Effect of AG1478 + AG879 on EGFR, ErbB2, MAPK, and AKT. Subconfluent GEO cells were deprived of growth factors for 5 days to induce a quiescent state. Cells were pretreated with AG1478, AG879, and AG1478 + AG879 at the indicated concentrations for 6 hours. Cells were then released in fresh supplemented medium containing DMSO (0.1%) or different concentrations of drugs as indicated for 24 hours. Whole cell lysates were subjected to SDS PAGE analysis and probed with specific anti-phospho-antibodies against EGFR Y1173 and ErbB2 Y1248 (A) or MAPK and AKT (B). Total EGFR, ErbB2, or total MAPK and AKT were used as loading controls. Similar experiments were repeated at least twice. Representative data.
derivatives. As an analogue of AG1478, equal selectivity to EGFR and ErbB2 was generated in GW572016 after modification of the quinazoline pharmacophore. Consequently, we sought confirmation of our observations regarding combination treatment effects on inhibition of cell proliferation and induction of apoptosis with this dual inhibitor. First, we compared the effect of GW572016 with AG1478 and AG879 single agents on GEO cell proliferation as shown in the dose-effect curve in Fig. 4A . Similarly to AG1478 and AG879, GW572016 resulted in a concentration-dependent inhibition of proliferation but with a much lower IC 50 value of 0.3 Amol/L which is 30-and 6-fold more potent than AG1478 and AG879, respectively (Table 1) . Next, we evaluated the ability of GW572016 to induce apoptosis. Subconfluent GEO cells were treated with GW572016 at 0.3, 1, and 3 Amol/L in supplemented medium without growth factors. Control GEO cells with DMSO were resistant to growth factor deprivation-induced apoptosis up to 48 hours, whereas Western blot analysis revealed a concentrationdependent appearance of the cleaved form of PARP upon GW572016 treatment (Fig. 4B) . Similarly, DNA-histone nucleosome release ELISA was conducted for quantitation of DNA fragmentation. As shown in Fig. 4C , GW572016 increased DNA fragmentation in a concentration-dependent manner at both 24 and 48 hours of treatment. GW572016 induced 2-and 8-fold increases of DNA fragmentation at 0.3 Amol/L for 24 hours of treatment and 3 Amol/L for 48 hours of treatment, respectively, which is comparable with the combination treatment of AG1478 + AG879 at 5 + 1 Amol/L (Fig. 2B ). This suggests that GW572016 is at least as effective as a combination of AG1478 and AG879 for induction of apoptosis.
GW572016 inhibits EGFR and ErbB2 phosphorylation and downstream signaling. To validate the inhibition of GW572016 on EGFR and ErbB2 kinase activities, we tested the status of EGFR and ErbB2 phosphorylation in growth factor deprived GEO cells. Subconfluent GEO cells were deprived of growth factors for 5 days to induce a G 0 quiescent state. The cells were then released from the quiescent state in supplemented medium with or without addition of GW572016. DMSO (0.1%) was used as a control for drug treatment. After 6 hours of treatment with GW572016 of 0.3, 1.0, and 3.0 Amol/L, cells were lysed and analyzed for EGFR and ErbB2 phosphorylation using specific antibodies recognizing phosphorylated EGFR Y1173 and ErbB2 Y1248. As shown in Fig. 5A , GW572016 inhibited both phosphorylation sites in a concentrationdependent manner. We showed above that AG1478 and AG879 single agents failed to effectively block either MAPK or AKT activation in quiescent GEO cells, whereas combination treatment suppressed both pathways (Fig. 2B) . We next tested the effect of GW572016 on MAPK and AKT pathways. Consistent with its inhibition on EGFR and ErbB2 phosphorylation, GW572016 treatment at 0.3, 1.0, and 3.0 Amol/L resulted in a concentrationdependent inhibition of phosphorylation of both MAPK and AKT (Fig. 5B) . The potency of GW572016 for inhibition of EGFR, ErbB2, and their downstream signaling pathways correlates with the Figure 4 . Effect of GW572016 on cell proliferation and apoptosis. A, concentrationeffect curves for AG1478, AG879, and GW572016 in GEO cells. Concentration-effect curves were generated by 72-hour MTT assay as described in Materials and Methods. The growth inhibitory effects of drugs were calculated as A treated /A control . Concentrations of drugs were plotted on a log scale. B, Western blot analysis of PARP cleavage. Subconfluent GEO cells were treated with DMSO (0.1%) or GW572016 at 0.3, 1, and 3 Amol/L for 48 hours in supplemented medium. Whole-cell lysates were subjected to SDS PAGE analysis and probed with specific anti-PARP antibody. Actin was used as a loading control. C, DNA-histone nucleosome release ELISA. Quantitation of DNA fragmentation in GEO cells was determined after 24 or 48 hours GW572016 treatment using the Cell Death Detection ELISA Plus kit as described in Materials and Methods. Absorbance of DNA fragmentation was normalized to MTT assays at the identical treatment conditions. The fold increase of DNA fragmentation was compared between control and treatment. Similar experiments were repeated at least twice. Representative data. Bars, SD. GW572016 inhibits GEO xenograft growth. We next evaluated the in vivo antitumor effect of GW572016 in athymic nude mice bearing GEO tumor xenografts. For each treatment group, a total volume of 0.2 mL GEO cell suspension containing 5 Â 10 6 cells was injected into both hind limbs of athymic nude mice. Tumors became readily apparent about 1 week after injection. GW572016 was dissolved in 0.5% hydroxypropylmethylcellulose and 0.1% Tween 80 vehicle and was given twice daily by oral gavage. The doses of GW572016 for different treatment groups were 30, 100, and 200 mg/kg, respectively. The control group of mice received hydroxypropylmethylcellulose/Tween 80 vehicle treatment at the same schedule as GW572016. Drug was administered for a total of 21 days from day 8 to day 28. As shown in Fig. 6 , a concentrationdependent inhibition of GEO xenograft growth was observed. Significantly, a complete blockade of tumor growth was observed in the 200 mg/kg treatment group, which failed to sustain tumor growth during drug administration. Of note, at this dose, there was <10% weight loss in treated animals over the 21-day treatment period compared with the vehicle control group (data not shown). However, after withdrawal of drug administration, the xenografts resumed growth in all three treatment groups at a rate similar to the control group, suggesting a growth delay or static effect on tumor growth inhibition by GW572016 treatment in vivo.
Discussion
ErbB-targeting therapy has achieved some success in the clinical setting, especially in breast cancer patients with ErbB2 amplification and lung cancer patients with EGFR gain-of-function mutations (42, 43) . However, single agent EGFR TKIs or monoclonal antibody clinical trials for colon cancer patients previously failing standard therapy have generated at best a 10% response rate despite the fact that 80% of colon cancers potentially use EGFR for pathogenesis (44, 45) . The limited efficacy could arise from unblocked ErbB2 signaling in the form of EGFR/ErbB2 or ErbB2/ ErbB3 heterodimers when EGFR, ErbB2, and ErbB3 coexpress in the tumor cells. For example, we recently showed that AG1478 failed to induce apoptosis at concentrations sufficient to inhibit EGFR activation in an aggressive human colon carcinoma cell line harboring constitutive expression of TGFa (46) . Similarly, GEO cells were insensitive to AG1478 single-agent treatment reflected by a relatively high IC 50 (10 Amol/L) and resistance to apoptosis induction ( Fig. 3 ; Table 1 ). Interestingly, synergistic inhibition of cell proliferation and induction of apoptosis were observed in both cell models when a low AG1478 concentration was added in combination with a suboptimal dose of AG879 (1 Amol/L), indicating that the resistance to EGFR TKI could be overcome by Figure 5 . Western blot analysis of ErbB signaling pathway inhibition after treatment of GW572016 in GEO cells. A, inhibition of EGFR and ErbB2 phosphorylation. Subconfluent GEO cells were deprived of growth factors for 5 days to induce a quiescent state. Growth-arrested GEO cells were released in fresh supplemented medium containing various concentrations of GW572016 at 0.3, 1.0, and 3.0 Amol/L for 6 hours of treatment. DMSO (0.1%) was used as a control. Whole-cell lysates were subjected to SDS-PAGE analysis and probed with specific anti-phospho-EGFR Y1173 or anti-phospho-ErbB2 Y1248 antibodies. The same membranes were stripped and reblotted with total EGFR or ErbB2 antibodies as loading controls. B, inhibition of MAPK and AKT pathways. The same whole-cell lysates were also analyzed by Western blot using specific antibodies for phospho-MAPK and AKT. The same membranes were stripped and reblotted with total MAPK or AKT antibodies. Similar experiments were repeated at least twice. Representative data. a combination approach with the ErbB2 TKI. By the same token, targeting ErbB2 alone by monoclonal antibody or a TKI might not be sufficient for colon carcinoma treatment either. We have previously shown that targeting ErbB2 with a specific blocking antibody 2C4 failed to block GEO cell proliferation when EGF is present in the medium (41) . More recently, a compensatory mechanism involving EGFR and ErbB2 for dimerization with ErbB3 was observed in GEO cells when ErbB2 activation was downregulated by a specific antibody or the selective TKI AG879 (25) . In this study, we confirmed our previous finding that a compensatory activation of EGFR was induced by AG879 treatment (Fig. 3A) . It is reasonable to speculate that the resistance to AG879-induced apoptosis is linked to the compensatory activation of EGFR. Taken together, the presence of a cooperative ErbB signaling network in human colon carcinomas predetermined the failure of targeting only one component in a complicated environment of receptor complex formation.
To confirm our hypothesis that the strategy of targeting both receptors in colon carcinoma cells is superior to targeting single receptors, we compared the novel dual EGFR and ErbB2 inhibitor GW572016 with AG1478 and AG879 single agents as well as the combination of the two. To our knowledge, this is the first study to show that a dual EGFR and ErbB2 TKI is able to induce apoptosis in a human colon carcinoma cell line, which is comparable with the combination treatment of EGFR and ErbB2 TKIs. Notably, the potency of GW572016 for inhibition of GEO cell growth is 30-fold higher than AG1478 as reflected by the difference of IC 50 values (Table 1) . Intriguingly, the IC 50 of AG1478 is decreased 10-fold in combination with AG879 in the same cell line ( Table 1 ). The significant increase of AG1478 potency in combination with an ErbB2 inhibitor is consistent with the high potency of the single GW572016 compound because GW572016 inhibits both EGFR and ErbB2 equally. GW572016 has a similar IC 50 for inhibiting cell proliferation in BT474 and A431 cells (37) with overexpression of ErbB2 and EGFR, respectively, and other colon carcinoma cell lines, which depend on both EGFR and ErbB2 for aberrant growth. 4 It is notable that GW572016 inhibited DNA synthesis and induced significant G 1 -G 0 arrest in GEO cells similar to the cell cycle arrest effect observed in HN5 cells (data not shown). We think that the growth inhibitory effect of GW572016 in GEO cells was associated with both cell cycle arrest and apoptosis. In contrast, GW572016 has relatively low efficacy for inhibition of cell proliferation in EGFR and ErbB2 nonoverexpressing breast cancer cell lines, such as MCF-7 and T47D, with an IC 50 that is about 20-fold higher than in these sensitive cell lines (37, 47) . The sensitivity of different cell lines to GW572016 seems to be determined by the dependence on EGFR receptor for mitogenesis signaling. Interestingly, a combination of GW572016 with tamoxifen synergistically enhanced cell cycle arrest in MCF-7 cells, suggesting that this cell line depends on both ErbB and estrogen signaling for optimal growth (47) . Importantly, GW572016 achieved higher efficacy than single reversible EGFR TKIs ZD1839 (Iressa, gifitinib) and OSI-774 (Tarceva) in most of the cell lines tested regardless of expression level of EGFR and ErbB2, further supporting the hypothesis that a dual TKI is superior to single agents (37, 48) .
We previously showed that both MAPK and AKT pathways contributed to cell proliferation, whereas the AKT pathway is more critical for cell survival in GEO cells (17) . It is reasonable to speculate that the induction of apoptosis by GW572016 was linked to inhibition of AKT activation rather than MAPK. Along this line, GW572016 induced both cell cycle arrest and apoptosis in BT474 cells but failed to induce apoptosis in HN5 cells (34) . Interestingly, the discrepancy of induction of apoptosis by GW572016 on BT474 and HN5 was reflected by a differential inhibition on AKT phosphorylation rather than EGFR or ErbB2 phosphorylation (37, 49) . Furthermore, the failure of inhibition of AKT activation by GW572016 in a breast cancer cell line could be a mechanism of resistance (50) . However, the MAPK pathway seems to play a role in cell survival as well. Previously, we have shown that MAPK was activated by EGF stimulation independent of ErbB2 and ErbB3 signaling in GEO cells (41) . Intriguingly, we observed that activation of EGFR under AG879 treatment significantly upregulated the MAPK pathway in GEO cells, arguing for a role by MAPK as a signaling mediator of EGFR in blockade of apoptosis (Fig. 2) . Of note, other pathways responding to the compensatory activation of EGFR in response to the down-regulation of ErbB2 phosphorylation could not be ruled out and need further exploration. In this study, the concentrations of GW572016 sufficient to induce PARP cleavage and DNA fragmentation correlated well with concentrations necessary to inhibit activation of EGFR and ErbB2 as well as the downstream MAPK and AKT pathways (Figs. 4 and 5 ). This study is consistent with others in that the concentrations of GW572016 sufficient to induce apoptosis are higher than the IC 50 (37) . Similar to previous findings, concentrations below the IC 50 value have small inhibitory effects on EGFR or ErbB2 phosphorylation in GEO cells (data not shown) as well as in other cell lines (37) .
The activity of GW572016 observed in cell culture was translated into a dose-dependent inhibition of tumor xenograft growth (Fig. 6) . We used doses similar to the preclinical studies in breast cancer cell xenografts for GW572016 (49) . Large variations of individual protein expression and response to treatment in animals were seen in this preclinical study; consequently, we did not attempt such correlations here. Although no tumor regression was observed at the concentrations tested in this study, a complete blockade of tumor xenograft growth was observed at 200 mg/kg during the 21 days of treatment (Fig. 6) . Currently, GW572016 is in phase II and III clinical trials for treatment of advanced cancer patients (51) and has been associated with a favorable toxicity profile (52, 53) . Recently, clinical pharmacodynamic studies based on the preclinical xenograft studies indicated that clinical response was associated with pretreatment ErbB2, MAPK expression, and activation as well as terminal deoxynucleotidyl transferase-mediated nick-end labeling (TUNEL) score (53) . Synergistic effects between GW572016 and a panel of chemotherapeutic agents on growth inhibition of several tumor xenografts, including colon cancer, have been reported (54) . Our data provide new evidence supporting development of this novel compound for the subgroup of colon cancer patients with tumors that are dependent upon both EGFR and ErbB2.
